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3-l Temperatures derived from [Ol] 630.0 nm Doppler line 
profiles during magnetically quiet periods in May, June 
and July, 1978 whcn Kp ~ 2 as a function of universal 
time. The solid curve is the least squares 
fit of our ternperature values. The dashed curves give 
the highest (May 8, 1978) and lowest (July 2, 1978) 
temperatures calculated from the MSIS model for 




















Locations of magnetic stations and Albany~ New York in 
geomagnetic coordinates. Also see Table 4-1 for names 
and coordinates of the stations. 
The plots of the oneminute average8 of Xm (Inagnetic 
north) and Z (downward) components observed at stations 
in the Fort Churchill chain on September 2, 1978 (UT) . 
AXm and AZ values at 0720 UT on September 2, 1978 from 
each station were plotted and the bestfitted curves 
were drawn through AXm and AZ data, respectively, in 
order to determine the pdsition and intensity of the 
westward electrojet. 
The position of electrojet and (AX~Imax) 2 value that 
were obtained by the analysis of Inagnetograms from the 
IMS Fort Churchill meridian chain stations and thermo-
spheric temperature measured from Albany, New York are 






The observed 630.0 mn line profile at 0307 UT on June 5~ 1978 48 
is shown by dots. The dashed curve is the instrument 
function of the interferometer. The solid curve is the best-
fit theoretical profile calculated from the convolution of 
the instrument functlon and the Gaussian function corres-
ponding to a source telnperature of 1090e K. 
Time variations of lmin values of AE index for May, 1978 51 
(UT) are shown in the upper panel. In the lower panel 
measured temperatures (indicated by circles) and 630.0 nnl 
emission rates (indicated by triangles) are grouped into 
three categories according to the observatioh zenith angle; 
(R,A:X~ 45"N,Oi.~: 450N>X<45'S, O.A: ~450S). The solid 
curve is the least squares fit of the measured temperatures 
during the quiet periods. 
Same as Figure 5=2a for June .2, 1978 (UT) 
Same as Figure 5-2a for June 5, 1978 (UT) 
56 
59 
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Same as Figure 5=2a for June ll, 1978 (UT) 
Same as Figure 52a for June 30, 1978 (UT) 
Locations of AE (12) stations and Alb~ny in geornagnetic 
coordinates. Also see Table 5-1 for abbreviated names 
and coordinates of the stations. 
Three hourly planetary geomagnetic indices Kp and values 
of Dst for the geomagnetic storm on July 5, 1978. The 
observation period for telr}perature measurements are 
indicated by a horizontal bar. 
Temperatures derived from [Ol] 630.0 nln Doppler line profiles 
during the geomagnetic storm periods on July S, 1978 as a 
function of universal time. The open and half shaded 
synbols indicate the direction (zenith angle~ X ) in which 
the measurements were Inade in the meridian plane. 
The emission rate of [Ol] 630.0 nm line measured by the 
Fabry-Perot interferolneter as a function of universal 
time on July 5 , 1978. The open and half shaded symbols 
indicate the direction (zenith angle: X) in which the 
measurelnents were made in the meridian plane. 
Observed 630.0 nm line profile at 0710 UT on July 5, 1978 
is shown by dots. The inner-most solid curve is the 
instrument function of the interferometer. The dashed 
curve is the bestfit theoretical profile that is a 
convolution of the instruu~ent function and the single 
Gaussian function corresponding to the source temperature 
of 2610' K. The background continuum obtained for this 
theoretical profile is negative (-54 counts) and is 
shown by the dashed line. The dash=dotted curve is the 
theoretical profile calculated from the convolution of 
the intrument function and the combination of the Gaussian 
function for a source teznperature of 1800' K and the 
= 3900' K and k = O.32. The baclcground function for T' 
continuum obtained froln this theoretical curve, 63 cps, 
is also shown by a dash-dotted line. 
Calculated residual between the smoothed observed profile 
obtained at 0710 UT on July 5, 1978 and the theoretical 
profile. Residual is an integraticn for one period of the 
squares of difference between those two profiles. The 
theoretical profile is the convolution 6f the instrument 
function and a combination of two Gaussian functions , each 



















The residual is plotted as a function of the source 
temperature T~ and the weight k of the second component. 
The source temperature of the first component is fixed 
at 1800' K. The dash-dotted line connects points giving 
the minilnuln residual value at each weight . The hatched 
area gives reasonable values for the background continuum 
i.e.,. 20-70 counts per second. 
Zenith angles of the peak intensity, the half-maximum 
intensity and the interferometric measurement in the 
meridian plane as a function of universal time durlng 
the night of Septeniber 25/26, 1978. 
Calculated L values of the,peak intensity position of the 
SAR arc in the geomagnetic equatorial plane as a function 
of lo.cal time. 
Peak intensities of the SAR arc reduced to zenith values 
over the background 630.0 mn emission as a function of tilne.-
The neutral gas temperatures measured with a high resolution 
Fabry=Perot interferoll~eter as a function of time. The open 
circles are for temperatures outside the SAR arc and the 
closed cireles are for teTnperatures within the arc. 
Plots of the one-minute averages of Xm (magnetic north) and 
Z (downward) components observed at stations in the Fort 
Churchill chain on September 26, 1978 (UT). 
Latitudinal profiles of AXm and AZ at two typical times : 
(a) 0520 UT, and (b) 0430 UT. 
Time variations of, from top to bottom, (a) positions of 
the intercept points of the field line threading the arc 
at heights of 400 knl (solid circles) and of llO km (open 
circles), and locations of the centers of the concurrent 
westward (double circles) and eastward (crosses) auroral 
eleetrojets, all in geomagnetic latitude. The height of 
the ?eak intensity of the arc was assumed to be 400 kin. 
(b) I AX{nmax I , absolute values of determined extreTnum in 
latitudinal profiles of Xm' and (c) peak inten8ities 
reduced to the zenith values of the arc over the back-
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Variations of three geomagnetic indices; AE index, 109 
hourly value of Dst, and Kp during the two-day period, 
September 26-27, 1979 (UT). Observed SAR arc duration 
is indicated by a horizontal bar. 
An example of raw data on chart record of the photometer. IIO 
Variations of the SAR arc intensity froTn the two stations. 112 
Typical observational uncertainties for each station are 
indieated by error bars. 
Movements of emission peak positions of the SAR arc in a ll3 
vertical plane containing the two stations from which 
triangulation was Inade. The number of each point 
corresponds to that of the time marks in Figure 93. For 
points l, 4, lO, 17, the areas of uncertainty arising from 
an error in zenith angle measurements (*1') are shown by 
rhombus. Projection of field lines are also included. 
 Locations of ~nagnetic stations and the'･two optical stations ll6 
in geomagnetic coordinates. Also see Table 9l for names 
and coordinates of the stations. A trajectory of DMSP-r2 
satellite at n.0335 UT on September 27, 1979 is shown. Thick 
part of the trajectory indicates the extent of auroral 
particle precipitation. 
ll 7 Stuck-up magnetogram of horizontal componeht , 
observed at stations listed in Table 9-1 on Septeniber 27, 
1979. Note that the data for GWC and OTT are geographic north 
conrpbnent while.the rest are local g~0magnetic riorth component. 
Also n6te that scales are different for GWC and OTT. 
Stuck-up magnetogra~n of vertical component observed at ll8 
stations listed in Table 91 on September 27, 1979. Note 
that scales are different for GWC and OTT. 
Observation of electron precipitation made from DMSPF2 120 
satellite. Three traces are, from top to bottom, the 
integrat~d electron flux (el/cm2 sr s), energy flux (ergs/cm sr s), and the average energy (eV) between 50eV 
and 20keV. The I erg/cm2 sr s and 100 eV Ievel are at log 
scale 6 and O, respectively. The satellite trajectory in 
the Inagnetic' Iocal time (~LT), the geo~nagnetic latitude 
(MLAT) , and the geographical latitude at 100 km altitude 
of the field line threading through the Isatellite (CLAT) 

























of January 27/28, 1971 
electron flux obtained 
6 satellite on January 
electron flux obtained 





















































**. ' .,::=: ~;;; 
~*' 



















































 ii}*' i'.>: I
l
 












List of Tables 
The operating parameters for the FabryPerot 
interf erolneter 
Names. Code Names, and Locations of the Stations 
Locations of the AE (12) Stations 
The stations which contributed to AL and AU and 
ranges of AL and AU for hourly intervals on May 
The stations which contributed to AL and AU and 
ranges of AL and AU for hourly intervals on June 
The statiOns which contributed to AL and AU and 
ranges of AL and AU for hourly intervals on June 
The stations which eontributed to AL and AU and 
ranges of AL and AU for hourly intervals on June 
The stations which contributed to AL and AU and 
ranges of AL and AU for hourly intervals on June 
Names, Code Names, and Locations of the Stations 














, 1978 (UT) 





































The earth?s therTnosphere is the region of the upper atn~osphere above 
the mesopause (80-90 km) where the neutral gas telnperature begins a steep 
increase with height. The temperature may re-ach values as high as 2000e K 
in the i~sotherinal regime above 200 km. The upper boundary of the thermo-
sphere is customarily associated with the exobase (500-600 km) , where the 
tenuous particle population becornes collisionless. The most impo~tant 
energy source on a global scale for the thermosphere above 150 km i8 heating 
due to the absorption of the extreme ultraviolet (EUV) radiation from the 
sun, which is highly dependent on solar activity [e.g., Roble and Dickinson, 
1973; Torr et al., 1980 a, b]. 
The thermosphere also receilyes solar energy through the magnetosphere 
in the form of heating by precipitating particles and the heating due to 
Joule dissipation of electric fields. The local heating rate due to this 
' energy input, which is highly st~uctured both spatially and temporally, is 
at times comparable to or even exceeds that from solar EUV absorption. The 
energy input at high latitudes in this form is the source of auroral processes 
and causes profound perturbations in the therntosphere. Intensification of 
magnetospheric convection at high latitudes during periods of geomagnetic 
disturbances causes the expansion uf the auroral oval to lower latitudes as 
























































































They detected exc.essive amounts of emission at slladow helghts above 550 km 
and the scale height ded~ced from the vertical brightness profile showed a 
Inarked increase above 550 km, estimating the equivalent temperature as 
being 4000' K or higher. 
It is apparent froin these reports that nonthermal O atoms exist in the 
500 km altitude region. However, ground-based observations of these non-
thermal O atoms have not yet been reported in the literature 
SAR Arcs 
The other form of energy coupling between the magnetosphere and the 
thennosphere is Tnanifested as a d~stinct optical phenomenon; that i8 the 
stable auroral red arc (SAR arc). Numerous observations of the SAR arcs 
spanning more than two deeades after the initial report of their existence 
by Barbier [1958] have provided the charaeteristic propertles of the 
phenomena. They include (a) nearly monochromatic emission at 630.0 nnl 
[O(lD)] S (b) occurrence predominantly.within the latitude interval 2~L~4 
[Marovich and Roach, 1963; Roach and Roach, 1963; Hoch and Smith, 197l],. 
and at r~ther hight altitude (-400 km) [Roach and Roach, 1963; Tohmatsu and 
Roach, 1962j; (c) wide longitudinal extent, at laeast over the entire night-
side of the earth, along nearly the same L shell [Roach and Roach, 1963; 
Craven et al., 1982]; and (d) occurrence during periods of large geomagnetic 
stonns [Rees and Roble, 1975]. Rees and Alcasofu [1963] found that SAR arc 
intensities have stron,~ ositive correlation with the D index. This . p s
finding directed attention to the ring current as the likely energy source 
for maintenance bf the arcs. On the other hand, observations made from 
satellites revealed that the SAR arc is generally located in L value near 


























































































































































































































































































































































r. - L [ (2~j/n+2f/(,O) (j/n+2f/ao)] (2_10) out _ 
j 1-j In 
Let us now consider solid angles subtended by the central hole and the jth 
zone. For the central hole, 
4Trf (2l l) ~O = aO(1+2f/cro) 
For the jth zone, 
~ 41Tf (1 /n) (2_1 2 ) 
j = crO(1+2f/(JO) 
Since f/(70 is usually negligible colnpared to unity, when j is negligible 
compared to n, then both solid angles described above are almost the same 
constant value 
~i * 41Tf (2_13) (TO 
Therefore, if we can u8e an MZA consisting of J zones besides the usual 
central hole, the gain of throughput will be J+1 times greater than that 
of the central hole alone. P~acrically, the gain may be somewhat reduced 
because of the relatively large incident angles to an interference filter; 
which is usually used as a premonochromator, and the transmittance of the 
substrate of the MZA. 
O timum Width of A erture 
Since the throughput of the F.P. interferometer is proportional to 
the solid angle ~ su~tended by the aperture, it is obvious that the wider the 
apertures the more iptense the resulting signal becomes. However, wide 
aperture reduces resolving power simultaneously. therefore, we have to 
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A = 1 
 ･ O 2?r 
-1 In m2 2 m 2lnf 
A = IT R exp(- - D ) sinc ( ) sinc (-~1(; ) 4 ND f m 
IT 
D NDg (In2 ) 1/2 
a 
Y 7 3 x 10~12 1 ( O 2 M~~) 
T
 
IO 5xlOsA( ~ ~j) RY Ta Tt Pe (1 R) (1+R) I (2_15) 
j =0 
sinc(8) = sin (1T~)/(1T~) 
Here x = 4T~Vtacosx is related to the phase difference between the various 
rays emerging from the etalon, R is the reflectivity of the etalon coating, 
ND is the finesse representing the microscopic roughness defect of the 
g
 
etalon, ND is the finesse representing the spherical defect, Ac?= (2lj:tcosX) 1 f
 
is the free spectral range, M is the molecular weight of the light-emitting 
atom, T is the gas kinetic temperature, A is the effective collecting area 
of the interferometer, is the brightness of the source in rayleighs, Ta 
RY 
is the transmission coefficient that includes the effects of absorption and 
scattering of the etalon coatings, Tt is'the transmission of various optical 
surfaces of the interferometer and premonochromator, Pe is the quantum 
efficiency of the photomultiplier and C Is the continuum background. This 
formulation of the final response function is described in detail in the 


















The function of equation (2l4) can be expressed in the form 
which excludes the nolnalizing factor and continuum background as 
* 2 
m 
Y(x,T) = 1+2 ~ Aim exp (- --'4- YT) cosmx (2-16) 
m=1 
where A~ = ITA . 
m m 
The actual recorded signal with a photon counting method contains 
inevitable noise superimposed on the function expressed by equation (2l4). 
When the standard deviation of the noise is the square root of the counting 
rate of the signals the Inean square temperature errors which we will use 
in our analysis, is given by the following equation according to the 
expression (2-21) of Hays and Robel [197l]. 
ee (1 + iiJ;) J 1/2 (2-17) AT = [ NlO oe IO 
Here N is the number of data points over one free spectral range, and c~ and 
~ are expressed as 
_ I N-1 S(xi'T) 
~ ~~ I ~(xi) ~x c~ ~ 
?r o i* 1 
N-l l
 
~ = ~ ~(xi)6x T~ i=1 
3 2Tr M 2 
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Am exp ( m~lr4 T) m2Am exp ( nl 
2 2 2 
{A } {m A } 
m
x 
{m4A 2 } {In2A ~} 
m m
{m2A 2 } {A 2} 
m m
21T 
where 6x = N~i~l 
2Tr i-l xi ~ N1 
M 2 
{Qm} = ~ (~n exp ( m - 7 YT) 
m=1 
As seen from e uation 2-15 1 contains ~~ which is related to the q ( ), O *
half-width of the aperture function f through the equation (2=13). Therefore, 
the mean square temperature error can be written in a form containing f as 
follows : 
) J 112 - c; ~ C AT = [-- (2-18) (1 + N~of ~ Kof 
wh er e 
4 (l-R) 
Ko = (JO(1+R) BO 
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Roughness defect finesse,NDg 
Ref lectivity 
Reflective finesse, NR 




Multiple Zone Aperture 




Half-width at half-height 
Peak transmission 
Peak wavelength 
Wavelength of Airglow Line 
2=1 
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l,O 3 O 4 O 5 O ZO 
f (mk) 
Mean square temperature error as a function of an aperture 
half-width. These values are calculated for temperatures 
of 7000 K9 1000e K5 and 1500e K. Solid lines are for zero 
and dashed lines are for 20 counts of continuum background, 
respectively. Also plotted are the peak counting rates of 
a recorded signal (fine solid lines) for the three different 
temperatures, and the over-all instrumental finesses. The 
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from 38 mk at Bo I x 10 to 30 mk at Bo = I x 1010 
Effects of Defects of the MZA 
The MZA could be fabricated by several methods. Recent developments 
of the semiconductor industry make the photographic reduction process the 
most suitable for our purpose. The flrst step is making an enlarged drawing 
of a single zone aperture which can be done using an automatic plotting 
machine. The next step is a photographic reduction of the original artwork 
to generate the desired dimensions on a photographic plate. The defects in 
fabricating the zone aperture are inevitable; therefore the effects arising 
from such defects have to be estimated. These defects may be classified 
into two groups according to their characteristics. The defect of the first 
type is a systematic error in the radii of the zones. For example, this 
may be caused by errors of the photographic reduction, or by errors in 
measurements of the focal length of the objective lens or etalon spacing. 
The defect of the second type is a random error of the radius of the zone. 
This may be caused by an error in drawing the original artwork, by the 
roughness of the grain of the photographic plate, etc. This error is 
considered to have normal distribution and leads to a Gaussian broadening 
function. 
At first, Iet us consider the defect of the first type, which we may 
call systematic defect. Here, Iet us assume that the inner and outer radius 
of every zone (including the central hole) is multiplied by the same factor, 
l + k, from the designed value. When we take the discrepancy in radii from 




























































































































Using the instrumental parameters listed in Table 2=1, the value of equation 
(2=27) is 2 x 10 for k: = I x 10 over the range of j from I to 10. 
Therefore, the variation of the halfwidth at half-height of the aperture 
function can be neglected. Thus the output profile of the jth zone having 
a defect of the first type, excluding the normalizing factor and continuum 
background, can be obtained by replacing x in equation (2-16) with 
x - 6,av When the MZA consists of J zones besides the central hole, the j
 
output profile is expressed by the sum of the contribution of each zone. 
In the following discussion all of the contributions of each zone are assumed 
to be the same unless stated otherwise. Thus, the resulting profile is 
expressed as follows; 
J ~ 2 
~ av [1+2 ~ Ami exp (- m4 Ya(x,T) = - YT) cos m (x-6j )] (2 28) 
j =0 m=1 
For the defect of the second type, that is the defect arising from 
the random error of the radius of the zone, provided that Ar in out and Ar. j
 j 
are distributed around zero in a nomal distribution with standard devia-
tion ~, the probability functions are 
in 2 
in (Arj ) 
M(Arj ) = I exp [ (2-29): 2 ~2 l ~/~r 
(Arout) 2 
out I exp [  j N(Arj ) = I (2-30) ~/~T 2~2 
These functions are expressed in terms of x as: 
1 2 




J ( Bj ) 
{'~ I'li;i {i:.i~ 
~;':'~~' 























































































N(x) = B.outv~r exp [ I (2_32) out 2 ( Bj ) j 
where 












B in + B.out 
B.av _ 2 (2_35), O 
av out is introduced, the values of (B. - j )/Bjln and (Bjout _ j )lBj ILn av B B J 
range from 4 x 10~2 for j = I to 4 x l0~3 for j=10, using the parameters 
given in Table 2-1. Such small amounts of these values permit us to use 
the average value. B av in and B.out j ' as the representative value of both Bj j 
Therefore, the probablility function in terms of x denoting the defect of 
the second type is expressed as: 
l 2 
O(x) = x (236) , 
J
 exp [- av 2 B , av/r (B . ) 
3 j
The output profile of an MZA having the defect of the second type can 
be obtalned now as a convolution of equatlon (2 14) and (2 36). When expressed, 
excluding the normalizing factor and continuum background, this function is 
J 2 2 " 
Yb(x.T) = ~ [1-F2 ~ A~ exp ( In m av 2 (2_37) - - (B ) }cos mx] 4 j 












































It is now possible to estimate the degree to which these defects ~'!;i~ 
cause a temperature error in the determination of the Doppler temperature. ;~,ii;i:: iij'it 
When the output profile (again excluding the normalizing factor and con S~ ~ ~ 
tinuum background) is recorded with the defect-free MZA consisting of J ~;:1! lij
;
 
zoness the integral over one free spectral range of the square of the ji:' *++;< 
difference between the output profile for telnperature T (equation (216)) i;;;;, 
and that for temperature T + AT is expressed as "i::' 
P(AT) = 2lt [ (J+1)Y(x~T+AT)(J+1)Y(x.T)]2dx = i{: f 
o t.I  ;･･*~: 




2 m 2 ~ m 





The values of P(AT) are calculated for the instrulnental parameters given in ;,~; 
Table 2 -1 and for T 1000 K and plotted in Figure 2-2. ";; 
On the other hand~ the integral over one free spectral range of the ij; 
square of the difference between the defect-free output profile and the 
output profile given in equation (2 28) Is ;i. 
J J f. 
Q(k) = 21T [ ~ Y(xsT) = J~0 Ya(xsT)]2dx 
J
 
O j=0 ' 
eo 2 
J
 2 av 2 
4 YT)cos nl5 j~0 Am exp( In4 = 41T ~ [{ (J+1)A~ln exp ( m _ YT)cos m6j ) m=1 
2 2 av2 
J
 
j ~0A~luexp ( ni4 + {(J+1)Am~exp( ~~ YT)sln m6 - - YT)sin m6 } I (2 39) j 
Here~ the difference between the peaks of these two profiless Y(xsT) and 
i 6 av/2. Ya(x~T) is adjusted to coincide by 6 = J 
The integral over one free spectral range of the square of the 
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given in equation (237) is 
21T J J 
=j . R(~) [ ~ Y(x,T) - ~ Yb(x,T)]2dx 
O j =0 j =0 
* 2 2 
J
 
2 m m av 2 2 
= 4Tr ~ A7m exp (- l~ YT)[(J+1) = - (B ) }] (2-40) - ~ exp{ m=1 j =0 4 j 
The values of Q(k) and R (~) are calculated for the instrumental 
parameters given in Table 2-1and for T = 1000" K and plotted in Figure 23. 
out out 
lr At the top of Figure 2-3, k, which is obtained through k =Ar 10 lO , 
where rlOout is calculated using the parameters given in Table 2-1, is 
also scaled, 
From Figures 22 and 2-3 it can be concluded that if the errors in 
out  30Vm or manufacturing a MZA are within the tolerances of about ArlO ~ 
k=2xlO~ for the defect of the first type and about ~=10 um for the defect 
of the second type, the apparent increases in temperature are substantially 
lower than 20' K and are comparable or smaller than the usual observantional 
error caused by the statistical noise. This value of tolerance is quite 
attainable in the fabrication of the MZA. It is obvious that the greater 
the j value, the greater the need for accuracy. The linear thermal expan-
sion coefficient of a glass substrate ( lO~3/'K) gives the defects of the 
first type well below the tolerance mentioned above, k = 2xlO , fcr 
expected temperature variations. 
The Actual Use of the MZA 
An MZA consisting of 10 zones besides the central pin-hole was 
constructed with photographic reduction techniques. The half-width is 




























































































































































measurements of the airglow OI 630.0 nm line. The Fabry-Perot interferometer 
for these measurements is characterized by its Newtonian telescope-type 
collilnator optics and the use of a Maksutov lens which reduces the aberration. 
These optics are employed for easy adjustment of the MZA and for gaining 
cornpactness and rigiditywhich is necessary for field use. The total acceptance= 
halfangle for these optics combined with the MZA described above is 1.18'. 
The MZA is mounted on a 3 axis stage and its position can be adjusted with 
micrometers so the reflected image of the illuminated MZA can be made to 
coincide with the actual MZA. The scanning of wavelength is accomplished 
by changing the pressure of dry air in the etalon chamber. The temperature 
of the etalon chamber, together with the whole collimator optics and 
scaming gas, is kept constant by circulating a constant temperature liquid 
in a water jacket surrounding them. The accuracy of the temperature is 
+ o I C at 30@ C. Vibration absorbing rubber mountings are installed to the 
platform. 
An interference filter having 7.6 K half-width at half height and 
centered at 15862 K Is used as a prefilter. The half-angle of the field 
of view at the filter is 2.4'. The effects of tilt and field of view on an 
interference filter were discussed by Hernandez [1974 b], and were estimated 
for our case. The filter was tilted by 2.2' in order to be centered at 
15867 K~ the wavenumber of the OI 630.0 nm emission. This caused the half-
width of the filter to be broadened to 9.2 K and the peak transmis8ion to 
be lowered froln 54Z which is the value for the collimated light parallel 
to the axis, to 48~. 
~
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where Y = (Ycm2 + Ysm2) ~ c~m = tanl (Ysm/Ycm) s and Ycm and Ysm are the Tn 






 spectral rang~ respectively. :: 
The first four Fourier transforms (including both cosine and sine : ji, 
I
;




imposed on the raw data. These low order Fourier coefficients which con- . =!i 
tribute to the fringe profile were subjected to a non-linear least 8quares :: ~.. 
,i.' 
fit with the Fourier decomposition, of a theoretical profile. The theoretical i '<~' 
profile~ which was already given by equation (2=14)s has also a form of ; 
series expansion and is presented here again with the orders up to four. : 
4 2 
S(x T) Io[Ao + ~ Am exp (- r YT) cos Inx] + c (2-14~j m 
m=1 
The Doppler temperature T is then obtained in a least squares 
sense by minimizing the equation~ 
R(T) = f [Y(x)S(x~T)]2dx (2-42):: 
Choosing the values of r and C that minimize R(T) and evaluating (2=42) we ~ 
obtain 





2 m R(T) -~ Y 2 - - YT)] / ~ Am2 exp (- ~ YT) (2-43)j m = [ ~ AlnY~n exp ( ul:4 
m=1 m=1 m= 1 
and 
4 2 4 2 
Io ~ ~ AnlYm exp ( E2~ Yr) [ - ~~ YT)] l ' ~ A 2 exp( In 
m.=1 m=1 nl 
Y 
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PART I Ihermospheric lemperatures 
CHAPTER 111 
Thermospherlc Temperatures during Geo~lagnetically Quiet Periods 
The temperatures measured during geomagnetically quiet periods in May, 
June and July, 1978 when Kp ~i 2 Plotted as a function of time in 
Figure 3-1. The dashed curves shown in the figure give the highest (May 8, 
1978) and the lowest (July 2, 1978) exospheric temperature8 over one night 
among those calculat,ed from the MSIS model IHedin et al., 1977j for the 
corresponding quiet nights. The solar l0.7 cm flux, the planetary geo 
magnetic index Ap' the day count frQm January l, and the latitude where our 
~leasurements were made were taken into account for the calculation of the 
model temperatures. 
The height of the nighttime 630.0 nm emission for normal airglow is 
peaked slightly below the F2 peak at altitudes above about 250 km [Greer 
and Best, 1967]. Since the ternperature gradient at these heights is quite 
small, it has been shown both theoretically [Roble et al., 1968] and 
experimentally [Hernandez et al., 1975; Hays et al., 1970] that 
temperatures obtained from Doppler profile Ineasurements of 630.0 nnl 
nightglow enlission follow closely the exospheric temperature variation. 
Our quiet time telnperature data appear to be consistent within the range 
of experimental errors with the exospheric temperatures calculated from 
the MSIS model, which is primarily a magnetically quiet model. 
The solid line given in Figure 3-1 represents the least squares fit 
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Thermospheric Temperatures during Geomagnetically Distrubed Perlods 
In Chapter 4, the Joule heating input and the subsequent thermospheric 
temperature response was investigated when an isolated substorm occurred. 
In this Chapter, measurements of thermospheric tenrperatures which 
were made during five geomagnetically disturbed periods will be given. The 
observed temperature enhancements are discussed in terms of AEJ activitie8 
inferred from the published daily graph of lmin AE indices (AE, AL, and AU) , 
and the plots of the contributing stations to AL and AU values EKamei and 
Maeda, 198l]; from these values the longitudinal locations of the maximum 
intensity of an AEJ was determined. 
Results 
Within the period during which the temperatures of quiet time were 
obtained, several geomagnetic disturbances occurred. The temperatures were 
obtained for five geomagnetically disturbed periods on the nights of May 4, 
June 2 June 5 June ll, and June 30 1978 (UT) 
One of the fringes obtained at 0307 UT on June 5, 1978, which gives 
the value of the temperature close to the quiet tilne value, is shown by 
dots in Figure 5-1 as an example. The background continuum is subtracted 
from the raw data. The solid curve in the figure is the best fit theo 
retical profile, which is a convolution of the instrunlent function and 
the Gaussian function corresponding to source temperature of 1090' K, 
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fronl the four instrumental parameters which were obtained from calibration 
scans made before and after the observation. 
The temperatures obtained during these five periods are plotted as a 
function of time in Figures 52 a = 5-2 e (shown by circles), along with 
our temperature curve for magnetically quiet periods which is taken from 
Figure 3-1. 
The emission rate derived from the analysis of the observed profiles 
are also given in Figures S=2 a - S2 e (shown by triangles). Time 
variations of 1min AE values are also given in the upper part of Figures 
5-2 a = 5-2 e in order to see the degree of AEJ activity. 
The distribution of twelve magnetic stations that contribute to the 
construction of AE indices as well as the location of Albany are shown in 
Figure 5-3 in geomagnetic coordinates. It should be noted that Great 
Whale River (GWO is located in close proximity to the Albany (ALB) meridian. 
A Iist of AE (12) stations is given in Table 5-1. 
The stations which contributed to AL and AU values and the ranges of 
AL and AU values for hourly intervals during the five disturbed periods 
were read from the published plots of the contributing stations and the 
daily graph of lTnin AL and AU indices [Kamei and Maeda, 198l] and tab 
ulated in Table 5 2 a S 2 e 
A. Ma 4, 1978 
The geomagnetic storm began with a sudden commencement at 0828 UT 
on May l, 1978. The sky was overcast on the nights of May 2=3 but it was 
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at around 0200 UT on the night of May 4, brightening of the aurora was 
visible to the naked eye at low elevations in the northern sky. As the 
night progressed, the aurora becalne very active. Around local midnight 
the aurora covered even south of the zenith, and it remained until the 
end of the observation by morning twilight. The temperature measurements 
were made by looking north of the zenith before local midnight and by 
looking at the southern sky after midnight. As seen in Figure 5-2 a, the 
measured temperatures indicate a rapid increase around 0300 UT. The 
temperature increased from about 960'K, which is close to the quiet 
period value, at 0226 UT to about 1610' K at 0344 UT with a rate of about 
8' K/min. During the latter half of the observation period, the values of 
the temperature remained above 1500' K until 0844 UT. The AE value shows 
quite disturbed conditions throughout the night as seen in Figure 5=2 a. 
An examination of the AL index showed that, for the period between 
OOOO and OIOO UT, the primary contributing station to AL was ABK, which is 
located approximately 121' east of the ALB meridian. TIK and LRV were AL 
contributing stations only for a very short duration at the beginning of 
the period. For the period between OIOO and 0400 UT, the AL contributing 
station shifted mainly among ABK, LRV and NAO. YKC was also an AL 
contributing station but for a very short duration around 0130 UT. The 
first enhanced'temperature (_1260' K) was obtained at 0301 UT. NAQ (which 
is located elosest to tlle ALB meridian in the east, approximately 42' east 
of it) became an AL contributing station for the periods 0138-0140 UT, 

































of 600 nT 480~ 570 nT 630 nT and 600rv 800 nT, respectively. When an 
intensification of AL occurred around 0450 UT the AL contributing station 
was GWC (which is located closest to the ALB meridian in the west, only 7' 
west of it). For the period between 0500 and 0700 UT, the AL contributing 
station shifted mainly between LRV and GWC, east and west of the ALB 
meridian, , respectively. Around 0540 UT, a quite lar~e intensification of 
AL occurred. The Al contributing station at this time was LRV. FCC, CMO, 
BRW and CCS occasionally became AL contributing stations but only for a 
very short duration during this period (0500=0700 UT) . For the period 
between 0700 and 0900 UT, the AL coutributing stations shifted mainly 
between CWO and CWE. NAQ, FCC and TIK occasionally.became AL contributing 
stations but for a very short duration. 
The values of AL throughout the night were quite large. They 
occasionally exceeded 1500 nT, reaching as large as ~2500 nT at 0545 UT. 
In summary, before :local midnight at ALB the primary AL contributing 
station shifted from as far east as Ai3K to GWC, which is in cl08e proximity 
to the Albany meridian. After local midnight, primary contributing 
stations were GWC and one of the stations located west of the Albany 
meridian. The intensity of the westward AEJ was considerably large through= 
out the nlght. The position and intensity of the westward AEJ thus appeared 
to be well reflected on the Ineasured temperatures which showed substantial 
enhancement over the quiet tirne value. 
The AU contributing station closest to the ALB meridian was CMO, which 




























































































 ･~  ･};;{i ~~*<~ j*"* 



















































































;1:; ,,;'< ;:,j'*I 
~;*i'*: ~'*= *;~~ 
*ii'i**'; I;'i;:; 






















































































































































The AU values never exceeded 500 nT throughout the night. Therefore, 
eastward AEJ could not have significant effect in the heating . 
B. June 2, 1978 
As seen in Figure 52 b, the temperatures before 0408 UT did not 
show any signifieant enhancement from the quiet time value. The AE 
values were relatively small, indicating relatively calm condidions before 
~0600 UT, and then they began to increase. The temperatures obtained 
during the period between O655 and 0726 UT increased from about 1250' K to 
about 1440' K showing an enhancement aznounting to ~400' K over the quiet 
time value. Visible aurora was not observed from ALB throughout this 
night. Therefore, the cause of the temperature enhancements could not be 
the particle precipitation associated with visible aurora. 
The AL value for the period between 0600 and 0800 UT are not so 
l ' large (IAL ~ 450 nT), but the AL contributing stations for this period were 
mainly GWC and NAQ (GWC for the periods 06000630 UT and 0731-0800 UT; NAQ 
for the period 0630-0727 UT; and YKC for the period 0727-0731 UT). This 
implies that the location of the maximum intensity of the westward AEJ was 
either in the near east or west of in close proximity to the ALB meridian, ~ 
it . 
During the same period (0600-0800 UT), the range of AU values was 
almost the same as that of AL, but the primary AU contributing station was 
BRW, which is located far west of the ALB Ineridian (113' west of it). 
Therefore, the cause of the observed temperature enhancement could not be 
the Joule heating arising from the the eastward AEJ. 
C June 5, 1978 





















































































































































































































































































disturbance was not as great as that of the storm of May l-4. A faint 
diffuse aurora was visible in the northern sky around local midnight 
(0500 UT). 
The results of temperature measurements on this night showed that 
temperatures were mOderately enhanced. The temperature, measured in the 
southern sky at 0421 UT, was about 300' K above the quiet period value. 
The remainder of the temperature measurements did not show any enhancement 
greater than 150' K from the quiet period value, even for the :neasure~nent 
made ih the middle of diffuse aurora around 0520 UT. 
The AL contributing station for the period between 0200 and OSOO UT 
shifted among NAQ, LRV, and ABK; all of which are located in the east of 
the ALB meridian. LRV, which is located 77' east of the ALB meridian, 
contributed to AL for the most part of the period, and NAQ, which is 
located 42' east of the ALB meridian contributed to AL for the period 
between 0308 and 0319 UT with corresponding AL values from 570 nT to 
-670 nT. The temperature enhancenlent observed at 0421 UT appears to be a 
reflection of this shifting of the most intense portion of the westward 
AEJ to the proximity of the ALB meridian. The ranges of AL value were -630 
to 930 nT 530 to 1020 nT and 520 to 1270 nT for the time intervals of 
0200 to 0300 UT, 0300 to 0400 UT, and 0400 to 0500 UTS respectively. For 
the period between 0500 and 0600 UT, the AL contributing stations shifted 
widely in longitude from ABK at the easternmost to BRW at the westernmost. 
A sharp increase in AL around 0520 UT was due to contribution from YKC. 
The temperature obtained within the faint diffuse aurora at this time 
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for a very short duration (0530-0533 UT). For the period between 0600 and 
0800 UT, the AL contributing station shifted between NAQ and LRV. The 
I l values of AL during this period did not exceed -870 nT. 
The AU contributing station which was closest to the ALB meridian 
for the entire period (0200-0800 UT) was CMO, and the AU value never 
exceeded 520 nT during this period~ 
D. June 11, 1978 
Visible aurora was not seen from ALB on this night. The cibserved 
temperatures showed a general decrease throughout the observation period 
from about ll60' K at 0247 UT. No significant enhancement was seen in the 
temperature data. The primary AL contributing station was LRV for the 
period between 0130 and 0525 UT, and NAQ for the period between 052S and 
l I 0700 UT. The maximum value of AL for these periods were 570 nT and 180 nTS 
respectively. During' the entire period (01300700 UT ) , the AL 
contribution station shifted, from time to time, to various locations for 
only short periods, as shown in Table 52 d. GWC became an AL contributing 
station only for a very short duration (0213-0215 UT). The AL value at 
this time was about -200 nT. Throughout the entire period~ the intense ' 
portion of the westard AEJ was located far away in the east of the ALB 
meridian, and the value of AL was modest. These may be the reasons for the 
lack of significant heating effect in the temperature data. For the entire 
period, the closest AU contributing station to the ALB meridian was YKC and 
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E. June 30 1978 
The AE indices were large (AE f~+ 500 nT) during the period between 
2100 UT on June 29 and OIOO UT on June 30 and then subsided. The AE indices 
began to increase again around 0545 UT, after when the diffuse aurora was 
seen from ALB in the northern sky. The temperatures measured in the southern 
sky at 0233 UT and 0247 UT were about 1010' K and ll20' K, respectively and 
did not show any significant heating effect. 
There was an abrupt decrease in the AL value (intensification of the 
westward AEJ) around 0545 UT. The value of ljALII remained above 400 nT 
until 0730 UT; the value reached 620 nT around 0615 UT with the primary 
contributing station at that time being GWC. For the period after the 
onset of the AEJ intensification (05450730 UT), the AL contributing 
station shifted among LRV, NAQ, GWC~ FCC, and YKC; indicating that the 
westward AEJ extended across the ALB meridian. GWC became the AL 
contributing station for the period 0440-0605 UT and 0612-0617 UT. The 
corresponding temperature measured in the northern sky at 0723 UT was 
substantially increased to 1380' K. However, the temperature obtained at 
0609 UT was only about 1090' K. Although this was measured within the 
dlffuse aurora, it was not significantly enhanced from the quiet time 
value. This implies that the heating effect produced by the AEJ is much 
more effective than that produced by particle precipitation and that there 
is a tilne lag between the intensification of the AEJ and the tenrperature 
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Figure S-2e s ame 
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Figure s-3 Locations of AE(12) 
coordinat es . Al s o 
and coordinates of 
Oo 
stations and 
see Table 5-l 
the stations. 
Albany in geomagnetic 










GWC became an AU contributing station at 0319 UT but only for one 
minute. However, the AU value at that time was as low as 60 nT. Except 
for GWC, the AU contributing station which was closest to the ALB meridian 
for the period between 0545 to 0730 UT was CMO. The AU value never 
exceeded 400 nT for this period. 
Discussion 
The results of our measurements of the thermospheric response to AEJ 
activity Tnade during the five geomagnetically disturbed periods can be 
eategorized into the following two groups; 
(A) GWC bccame the primary AL contributing station during the 
period preceding the temperature enhancement. This implies that 
the most intense portion of the westward AEJ was located in the 
close vicinity of the ALB meridian during this period. This 
group includes : 
(a=1) After local midnight (0500 UT) on May 4, 1978, GWC was, 
from time to time, the primary AL contributing station 
I I and the values of IALI occasionally exceeded 1500 nT, 
reaching -2500 nT at one instance. The corresponding 
temperatures obtained between 0648 and 0844 UT showed 
signifieant enhancements ranging -500- -750' K over the 
quiet time value. 
(a2) During the period between 0600 and 0630 UT on June 2, 1978 
l l GWC was the AL contributing station with the values of AL 
less than 450 nT. The corresponding temperatures obtained 
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between 0655 and 0726 UT showed substantial enhancements 
alnounting to -400' K over the quiet time value, even 
though the AL values were not very large. 
(a-3) During the periods between 0550 and 0605 UT, and 0612 and 
0617 UT on June 30, 1978. GWC was the AL contributing 
I I station with values of AL ranging 450=620 nT. The 
corresponding temperatures obtained at 0723 UT showed an 
enhancement of -400' K over the quiet time value. 
GWC was not the primary AL contributing station. Instead, 
stations far away from the ALB meridian, such as NAQ or LRV, 
became the primary AL contributing stations during the period 
preceding the temperature enhancement . This implies that the most 
intense portion of the westward AEJ was loc~ted far away from the 
ALB meridian during this period. This group includes: 
(bl) During the period between 0138 and 0250 UT on May 4, 1978, 
NAQ became the AL contributing station four times with 
I I values of AL ranging 480800 nT. The corresponding 
temperatures obtained between 0301 and 0403 UT showed 
enhancements ranging -300- -600 K over the quiet time 
value . 
(b=2) During the period between 0308 and 0319 UT on June 5, 
1978, NAQ became the AL contributing station with 
I l values of AL ranging 570=670 nT. The corresponding 




of 300 K over the quiet time value. 
(b 3) During the perlod between 0130 and 0535 UT on June lls 
1978~ LRV was the prlmary AL contributing station with 
i I the values of AL not exceeding -570 'nT. For the period 
between 0525 and O700 UT, NAQ became the primary AL 
l I coutributing station with the values of AL not exceeding 
-180 nT. The temperatures obtained throughout this night 
did not show any significant enhancemejnt . 
From the results listed above, we can draw the following conclusions: 
When the most intense portion of the westward AEJ is located at 
GWC~ which is in close proximity to the ALB meridian~ for a 
considerable duration, the Joule heating produces a temperature 
enhancement of at least 400e K of the thermospheric region in the 
field of view from ALB, even If the values of ljALll is as moderate 
as 450 nT. When the intensity of the westward AEJ is quite larges 
the temperature enhancement becomes as high as -7500 K. 
The Joule hea~ing effect observable in the field of view from ALB 
is not very large when the Tnost intense portion of the westward 
AEJ is located at NAQ or LRVS which is far away from the ALB 
meridian. To produce a temperature enhancement of -3000 K~ a 
I I value of AL greater than 500 nT is required for a considerable 
duration if NAQ is the pri~nary contributing station A value of 
IALI greater than -500 nT cannot produce any significant 
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LRV, which is located even further east of NAQ from the ALB 
mer id ian . 
There is a definite time lag of an order of one hour between 
the intensification of the westward AEJ and the measured 
temperature enhancement. Another interesting point of our 
observation is that the temperatures obtained within the ~urora 
whose intensity of the 630.0 nm emission ~s greater than I KR, 
did not show any significant enhancements. This implles that the 
heating produc8d by particle precipitation is not as effective as 







Thermospheric Tempe~:~atures during the July 5, 1978 Storm: 
A Possible Existence of the Nonthermal Atomic Oxygen 
In this Chapterwe describe the detailed results of the [Ol] 630.0 nm 
line profiles which were observed during the ma~netic storm of July 5, 1978. 
The [Ol] 630.0 nm profiles observed around 0700 UT which showed the 
most increased '~apparent temperatures'i, could not be interpreted in terms of 
a single Gaussian source proLile. Instead, a combination of two Gaussian 
source profiles satisfactorily explained the observed results. This, 
together with unusually high intensity at the time of the observation~ 
suggests that the [Ol] 630.0 nm emission consisted of two different 
components, each being originated from a different source. 
Re~;ul ts 
The storm began with an SSC at 2305 UT on July 3. The values of the 
index during the meastirements on the n~ght of July 5 were 7 and 7-
Kp 
(Figure 61). When photometric observation began around 0200 UT, an auroral 
display was already visible to the naked eye in the northern sky. The 
beginning of the interferolnetric observation was delayed due to a power 
problem. The aurora became quite active during the course of the night. 
From approximately 0430 UT, the aurora showed a ray structure in the 
northern sky, stretching its visible limit even to south of zenith. The 
aurora on this night was very pronounced, and It did not weaken until the 
morning twilight. 
~~<.; 

































































































































































































































The method of aialysis described in Chapter 2, which provide$ the 
Doppler temperature as well as the 630.0 nm line intensiry and the back= 
ground continuulu, was initially applied to the observed data. The first 
measured temperature' Iooking south of zenith was about 1800' K around 
0420 UT, which was enhanced as much as 800 K from the quiet period 
value. Eight additional temperatures were obtained during the period 
between 0500 and 0730 UT. During this period, the temperatue derived 
with the method of analysis Inentioned above show values consistently 
greater than 2000' K, with the maximvm value of 2610' K at 0710 UT. However, 
the data indicated by the asterisl~s shown in Figure 62 and 6-3, taken 
between 0710 and 0726 UT, give negative values of the background continuum, 
indicating that the analysis method is inadequate for these cases. As an 
example, the profile obtained at 0710 UT, from which the maximum '~apparent 
temperatures~ was derived with the present analysis scheme, is shown in 
Figure 64 by dots. 
The dashed curve drawn through the dots is the theoretical profile 
that is a con:volution of the instrument function and the single Gaussian 
function having the souree teuiperature of 2610' K; this theoretical profile 
provides the best fit to the observed fringe. The solid curve inside the 
theoretical curve is the theoretlcal instrument function calculated from the 
fqur instrumental parameters which were obtained from calibration scans made 
before and after the observation. As stated before, this analysis technique 
provides background continuunt along with the telnperature. The background 
continuum obtained for this theoretiOal profile is -54 count8 (dashed line 
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Temperatures derived from [Ol] 630.0 nm Doppler line 
during the geomagnetic storm periods on July 5, 1978 
function of universal ti{ne. The open and half shaded 
indicate the direction (zenith angle:X) in which the 
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The emission rate 
interferometer as 
The open and half 
angle:X) in which 
p lane . 
6 8 5 7
UT 
of [Ol] 630.0 nm line measured by the Fabry-Perot 
a function of universal time on July 591978. 
shaded symbols indicate the direction (zenith 





;~~< ~ iii,.{i 

























































































































































































































































































 accOu窟t e 'nsteadO£as'ngleGauSSエan至unct'On・acOmb'nat'OnOf/
 two(}aussi&nだu鍛ctio漉sgeachcorrespo登diagむoadif£eren仁sourceむe獄per&ture,
 TandT曾,waStakenaSaS.urce£uncti.n。ThiSnewS.urcef哲ncti.nwa8u8ed灘










 ・bserve⑬ iエes t難e馳e・一&・pr。£i・e,whichisan egrεti一£。r灘
 ・一p ・雌・£t職…es・£d 一cebetweenth・setw・pr・f s,were灘






































































































































~' **+* {~'S 
~'~i:t = 
i*: ~~',' 












 ~~.S~ ~;~~= 
~ '~j;~ <** *;~~. ~~j: {{ji 
iiji'{: ;,},.;i 
~.; 




































':'~ 1 ~~ 

















for the two component source? one at temperature 
k and the other at temperature T with weight (l-k) 
and (2-44) are slightly modified into the forms 
4 In2 m2 






R(T T ) m=1 m 4 m2 ~ Am2exp{ zn2Y(lk)T}exp{--YkT~} 
In= 1 4 
4
 
4 m2 Io m=1Ani m ~2Y(1 k)T}exp{-m2YkT~ } [ ~ A_2 exp{1"-'-'Y(1k)T} ~ = ~ Y exp{-- T m=1 *'* . 
m2 l 
exp { -,-.-.2YkT ~ }] ~ 




The results are shown in Figure 6-5. The solld curves shown In the 
figure indicate the variation of the residual, R(T,T~) as funetions of Ts 
wlth flxed value of T 1800 K and wlth k as a parameter. The hatched area 
in the figure indicates that the value of the background continuum, Ct which 
was calculated from equation (6-2), is in the range 2070 cps which is 
reasonable for our instrument. The rigllt boundary of the hatched area 
gives values of the background continuum less than 20 cps, including 
negative values, while the left boundary gives values greater than 70 cps. 
The dash-dotted line in the figu~e connects points giving the minimum 


























































































































































































































































































































is expected for the energetic 0+ flux spectrum observed by Shelley et al. 
[1972], assuming that each charge exchange results in an excited oxygen 
atom that yields a 630.0 ruu photon. Observational results also show that 
the latitudinal range of the flux of these fast 0+ ions overlaps and 
extends equatorward of the auroral electron region [Sharp et al., 19743 
1976 b]; indeed this is the latitudinal region where our observations were 
made. In addition, Yee et al. [1980] reported the existence of an atomic 
oxygen corona overlying the thermosphere during the solar maximum period 
from a series of twilight interferometric observations of the near infrared 
0+ (2p) doublets at 732 and 733 nm. They detected excessive amounts of 
emission at shadow heights above 550 km, and the scale height deduced from 
the vertical brightness profile showed a marked increase above S50 km, 
estimating the equivalent temperature to be 4000' K or higher. Additional 
evidence of such elevated equivalent temperature is seen in the inter-
ferometric profile of 732 nm emission line. By fitting a Gaussian, they 
deduced an equivalent temperature of 4300 :!: 1500' K. It is apparent from 
these reports that there exists nonthermal O atoms above 500 km altitude 
region. 
Therefore, we believe that the [Ol] 630.0 nm profiles observed 
between 0710 and 0726 UT during the geomagnetic storm of July 5, 1978 
consist of two different components, one originating from the F region 
and the other from the nonthermal O atams at an altitude greeiter than 
500 km. Large intensities of the profiles observed during this period 
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PART 11 Stable Auroral Red (SAR) Arc 
CHAPTER VII 
Photometric and Interferornetric Observations of the SAR Arc Event 
of September 25/26, 1978 
Since the discovery of stable auroral red arcs (SAR arcs) by Barbier 
[1958] during the IGY years, many workers have reported a: nuniber of SAR arc 
events covering the past two solar cycles. Rees and Roble [19751 sumlnarized 
the results of observations and theories in their review paper. 
From the observations 8panning the past two decades, it seems clear that 
the frequency of occurrence of the SAR arc is positively correlated with solar 
activity [Slater and Smith, 198l]. During the solar cycle 20, the last 
event of the SAR arc was reported by Carman et al. [1976] on April l/2, 1973; 
then the occurrence appeared to cease. A reappearance of the SAR arc had been 
strongly expected at mid1atitudes during geomagnetically disturbed periods as 
a new sunspot maxilnum approached. 
On the night of September 2S/26, 1978 a distinct SAR arc appeared. 
Although, an arc occurred earlier on April 30/May 1, 1978, the records indicate 
that the arc on September 25/26 was very distinct. Therefore, the results of 
the photmetric and interferometric measurements of the SAR arc observed on 













Both the photmetric and the int:erferometric observations were 
begun at OOOO UT on September 26, 1978. The sky condition was clear on 
that night. Uutil 0300 UT when auroral activities started in the northern 
sky, the intensity of [Ol] 630.0 nm emission had been gradually increasing 
from its normal value. Following the appearance of auroral activities s 
the meridional photometer records of 630.0 nm indicated a bulge at a zenith 
angle of 51' north, superimposed upon the background slope due to northern 
auroral activities at 0450 UT. This bulge grew very rapidly to a well 
deflned SAR arc In less than 20 minutes. The arc persisted throughout the 
rest of the night until observation was ceased due to morning twilight. 
After the appearance of the SAR arc, northern auroral activities 
became quite visible but were well separated from the SAR arc, and also 
persisted throughout the rest of the night. The zenith angles of the 
position of the peak intensity and those of the position of the half-max 
intensity were measured on the photometer records, and plotted against 
universal time (Figure 7l). There is a systematic eqnatorward movement 
throughout'the period of observation. Assuming the altitude of the arc 
to be 400 km [Roach and Roach 1963 Old et al., 1972 Slnith et al., 1972] 
the average velocity of equatorward movement of the arc was 240 km/hr and 
the half-max intensity widths range from 150 km to 260 km. The positions 
of the peak intensity were transformed into L value intercepts at 400 km 
using the following relations 
L = RE + h (7_1) 
RECO S 2 xm 
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where X is the zenith angle of the peak intensity position of the 
arc (positive northward) in the geomagnetic meridian plane, XEno the geo-
magnetic latitude of the observing site, Xm the geomagnetic latitude of 
the intercept of the line of sight at altitude h (assumed to be 400 km) , 
and R the radius of earth in kilometers. In determinin' the 400 km L 
E '
intercepts, potential errors may be caused byg (a) angular resolution of 
the photometer (~:3'), (b) variation of the altitude of the peak intensity 
of the arc from the assumed 400 km (~50 km) , and (c) the distortion of 
the actual field configuration from the field line given in equation (7-1). 
For the observed arc, the maximum values of errors in L value due to the 
combined causes (a) and (b) mentioned above was estimated to be AL 2~ i0.2 
at OOOO UT, decreasing to AL ~; O at 0220 UT, and then again increasing to 
AL ~; O I at 0430 UT We assumed that the field glven by equation (711) 
provided a realistic representation of the field lines. Figure j-2 displays 
the calculated L values of the peak intensity position of the SAR arc in the 
equatorial plane plotted as a function of local time. The L value varied 
froln 3.6 at local midnight to 2.4 at 0420 Iocal time. The average rate of 
change in L value was -0.28/hr. 
The peak intensities, reduced to zenith values of the arc over the 
background 630.0 nm emission, were measured from the photometer records and 
plotted against universal time in Figure 7-3. Although the interferometer 
was primarily used for Doppler temperature nleasurements, its data could 
also provide the intensity of the arc. The cross checks between the 
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Calculated L values of 
of the SAR arc in the 
as a function of local 
the peak intensity position 
geomagnetic equatorial plane 

























































































































































































































































































































































































































































































































































































































































































































































































































































































used to calculate the geomagnetlc 
magnetic field line threading the 
Ma netometer Data and Methods of 
9S 
l atitude 
arc at an 
Anal sis 
Magnetic data used in this study are 
records of l-min averages from the IMS Fort 
stations, Iisted in Table 4 1 The locations 
and Albany are shown in Figure 4-1. Baselines 
determined by choosing the quietest period 
substorm, using the published AE index [kamei 
selected time was 0030 UT on September 26 
The three component data were transformedinto X 
Ym (magnetic east), and Z (downward) components 
coordinates3 Inagnetograms for September 
(Figure 8-1). From Figure 8-1 we can see 
centered between Gillam and Island Lake 
the positive AZ variations recorded at Gillam 
from the negative AZvariations recorded 
In order to determinethe position and intensity 
at 0520 UT on September 26, 1978, when the 
its maximum, AX and AZ values at 0520 UT 
m 
as in Figure 8-2 a. The best-fitted curves 
data, respectively. The position of the 
was located at the point where AZ values 
and the corresponding intensity of AXm at 
of the intercept point of the 
assumed auroral height of llO km. 
the threecomponent magnetic 
Churchill meridian line of 
of magnetic observatories 
for these magnetic data were 
closest to the onset of the 
and Maeda, 198l~ The 
, 1978. 
m (magnetic north), 
using magnetic dipole 
26, 1978 (UT) were then constructed 
that a westward electrojet was 
at 0520 UT. Thls is inferred from 
and at higher latitudes, and 
at Island Lake and at lower latitudes 
of the westward electrojet 
substorm activity had reached 
from each station were plotted 
were drawn thr(5ugh AXm and AZ 
center of the westward electrojet 
changed from positive to negative 
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Figure 8-3 shows the combined results obtained from the analyses 
of optical and magnetic data that were described previously. From top 
to bottom it shows the time variation of: (a) positions of the intercept 
points of the field line threading the arc at heights of 400 km (solld 
circles) and of llO km (open circles); and locations of the concurrent auroral 
electrojets (both westward and eastward), all in geomagnetic latitude; 
I I (b) AX~{ax , absolute values of the determined extremum in latitudinal 
profiles of AXm; and (c) peak intensities reduced to the zenith values of 
the arc over the background 630.0 nm emission. Positions and intensities 
of the eastward electrojet and those of the westward electrojet are denoted 
by crosses and double circles, respectively (Figures 8-3 a and 8=3 b). In 
Figure 8-3 a, the heigh~ of the peak intensity of the arc was assumed to 
be 400 km. 
The photometric observation conlrnenced at OOOO UT on September 26, 
1978, recording 630.0 nmenunission. The first appearance of the arc was 
noted on the photometer record at 0436 UT as a slight bulge on the back-
ground slope of the 630.0 nm emission due to intense poleward aurora. 
The filter of the photolneter was temporally switched to 557.7 nm 
from time to time in order to check whether the arc contained a conven-
tional auroral feature. This was done at 0501 UT, 0512 UT, 0545 UT, 
0639 UT, 0645 UT, 0817 UT, 0904 UT and 0915 UT. Each time no enhancement of 
the 557.7 nm enlission was seen on the photometer record at the position 
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both in position and intensity of the arc, supports the fact that the 
arc observed on this night is indeed a SAR arc. 
At the beginning~ intensity of the arc was as low as (or even less 
than) 50R (Figure 8-3 c). It is noted that the geomagneric latitudes of 
the intercept point at an auroral height of llO km during the very beginning 
period of the arc and the peak in the eastward electrojet showed remarkable 
agreement. It is also seen that when the arc was first detected both east-
ward and westward electrojets were in their developing stages. After 0440 UT, 
the eastward electrojet faded out, at least within the latitudinal span of 
the magnetic stations used. After the eastward electrojet became undetect-
able, the intensity of the westward electrojet decreased until 0510 UT and 
then suddenly increased, reaching a maximum value of lllO nT at 0520 UT. 
During the period 04400520 UT, intensity of the arc showed a rapid and 
monotonic increase The maximu~n value of I AX~iTn~xl coincided with the highest 
intensity of the arc throughout the night (around 0520 UT) . After the 
value of 11 Axm_~naxll and the intensity of the arc reached their maximum values 
almost simultaneously, the time variations of the intensity of the arc 
appeared to be closely related to the intensity changes of the westward 
electrojet. We can see that a shoulder in the intensity of the arc around 
0610 UT, a minimum around 0655 UT, a small Inaximum around 0730 UT and a 
second largest maximum around 0830-0850 UT coincided closely to those 
appearing on the curve of AXSmax[ variation (i.e., a peak at 0600 VT, a I t 
minimum at 0640 UT, a broad but small maximum around 0710 UT and second 









As for the geomagnetic positions of the arc, the field line threading 
the arc coincided with the positions of the eastward electrojet (at height 
of llO km) at the onset of the arc, as described earlier. Thereafter, the 
arc moved generally southward throughout the remainder of the night. 
However, Iooking further into details of Figure 8-3 a, it is noted that 
when the westward electrojet moved equatorward (quite rapidly) at 06SO0700 
UT, equatorward movement of the arc was also accelerated and followed by 
a slight poleward movement. It is also seen that when the westward electro-
jet showed a rapid poleward movement at 09200930 UT, the movement of the 
arc changed its direction to poleward. 
Dis cus s ion 
The positions of the intercept point, at an assumed auroral height 
of 110 km of the magnetic field line, threading the arc during the onset 
period at around 0440 UT coincided closely with ~he positions of the 
eastward electrojet center. Investigations on the geometrical configura-
tion of a threedimensional current system for the magnetospheric substorm 
[e.g., Kamide et al., 1976; Heikkila, 1978] have shown that th8 eastward 
electrojet is connected to the partial ring current through field-aligned 
currents. On the other hand it has been well established that the SAR 
arc Is located in L=values at the position of plasmapause [Rees and Roble, 
1975] . Therefore, it appears that the eastward electrojet, the partial 
ring current and the plasmapause are all located in the same L=shell (L-4.0) 
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SAR arc originates from an interaction between the ring current and the 
plaslnapause [Rees and Roble, 1975]. At, 0450 UT, the separation between the 
positlon of westward electroJet center and the position of the intercapt 
point of the field line threading the arc at a height of llO km was as 
small as 2.7' in geomagnetic latitude, amounting to AL~~0.68. This implies 
that the plasmapause location in equatorial plane was very elose at this 
time to the plasma sheet which is connected to westward electrojet through 
field-aligned currents [e.g. , Heikkila, 1978] . Observations made from 
ISEEl and DMSP satellites [Horwitz et al., 1982] show that the plasma-
pause location often coincides to within AL-0.1-0.2, with both the plasma 
sheet inner boundary and the field line threading the equatorward boundry 
of the auroral oval. 
Our data indicate that the rise and fall in the intensity of the 
arc, after the arc re~ched its maximum intensity at 0520 UT, closely 
resembled the variation of the intensity of the westward electrojet 
m ax ( I AXm I ) , with a time lag of 1020 minutes. Since the primary cause 
for intensification of both the westward electrojet and the energy density 
of the ring current is the plasma injection into the plasma sheet and the 
ring current, respectively, it is conceivable that the substorm-associated 
plasma injection causes development of the westward electrojet as well as an 
increase of the SAR arc intensity that is believed to be related to the 
energy density of the ring current. The observed relationship between the 
intensity of the westward elect~"ojet and that of the arc, therefore, also 
supports the theory that the energy source of the SAR arc is the ring current. 
l 04 
Recently, Moore et al. [198l] reported that they observed the ~substorm 
injection front~ propagating earthward at velocities in the range of 
lO-lOO km/s. Although it is not possible to deduce the propagation velocity 
of this injection front from our data without knowing changes of magnetic 
field configuration in the deep magnetosphere and the time required for 
transfer of the energy front equatorial ring current to the SAR arc, the 
observed time lag supports the concept that the injection front is 
propagating earthward. Before -0520 UT the intensity of the westward 
electrojet experienced the first small intensification during the period 
0420 0440 UT, and it was toward the end of this period when the arc appeared. 
The westward electrojet then subsided until 0510 UT, followed by quite a 
large intensification. On the other hand, the arc intensity showed a 
monotonic increase from its appearance until -0520 UT. Obviously, the 
arc intensity variation did not correspond with that of the intensity of 
the westward electrojet during this period. These opposite variations 
during the period 04400510 UT may be explained by the following 
interpretation~ the plasma injection occurred preceding the first small 
intensification of the westward electrojet, causing the colocation of 
the plasmapause and the ring current. This also caused an increase of 
the energy density of the ring current, thereby triggering the arc. While 
the energy injected into the plasma sheet is immediately exhausted by 
polar auroral processes that occur on the closed loop of the current 
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Therefore, the arc intensity Inay, at least, remain almost constant during 
the rapid decay of the westward electrojet if other factors which determine 
the arc intensity are kept unchanged. This also explains a lesser degree of 
variation in the arc intensity compared to that of the inteusity of we~;tward 
electrojet after ~0520 UT. Whether the reason for the increasing intensity 
of the arc during the period 04400510 UT was due to continuing development of 
the ring current and/or because of the time required for the arc to grow in 
the ionoshpere is not clear 
Finally, it should be noted that the periods when the intensity of 
westward electrojet and the intensity of the arc reached their maxima 
(05000600 UT and 0800-0900 UT) co~ncided with the periods of decreasing 
Dst values, indicating energetic plasma injection into the ring current. 
The hourly values of Dst at 04, 05, 06, 07, 08, 09 and 10 UT, respectively 
on September 26, 1978 were 40, 52, 59, -54, -52, -60, and 65 nT. 
In summary, the optical observations of the SAR arc were compared 
with the concurrent ground-based magnetometer observations of the auroral 
electrojet activities. Results of the combined observations includes 
l. At the beginning of the arc~s appearance near local midnight, 
the positions of the intercept point, at an assumed auroral 
height of llO km, of magnetic field line threading the arc 
coincided with the eastward electrojet center. 
2. After around 0520 UT, during the period of general decay of the 
arc, the intensity variation of the arc followed closely that of 






























































































































































The general condition of geomagnetic disturbances for the two-day 
period, September 26/27, 1979 (UT) are shown in Figure 91 in three 
different geomagnetic indices; an auroral electrojet index, AE; an 
hourly value of D The st; and a three-hourly value of planetary index, K . p 
photometric observations commenced at both stations around 0020 UT on 
September 27, 1979 and the scanning to the sky was made with 630.0 nm 
filters until detection of the arc was made first from Albany at 0307 UT; 
the intensity was barely detectable. Detection from Plattsburgh soon 
followed at 0317 UT. AE values during the period OOO0-0300 UT on September 
27, 1979 (Figure 9l) showed Inoderate distu. rbances.. However, the main 
contributing stations were Abisko and Leirvogur which are located far east 
of the North American continent [Kamei and Maeda, 1982] . As we will see 
later, the magnetograms obtained from Canadian stations showed substorm 
activities over Canada that were confined within the period 0300-0400 UT 
on September 27 1979. As seen in Figure 9-1 when the arc was first 
detected the hourly value of Dst was increasing from its minimum value 
(-34 nT) of the twoday period, and the value of Kp Was maxiTnum (5_) of 
the period. Visible aurora was seen at low elevation in the northern 
sky from Plattsburgh around the 0300-0330 UT period. 
An example of chart records of the photometers is shown in Figure 
9-2. As seen in the figure, the arc appeared as a bump over the back-
ground 630.0 n:n emission. Throughout the entire period of the arc 
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29 ; 04 
Figure 9=7 
31 : 04 33 : 04 37 : 04 39 : 04 35 : 04 
Universal Time (Minute:Second) 
Observation of electron precipitation made from DMSP-F2 satellite. 
Three traces are, from top to bottom, the integrated electron 
flux (el/cm2 sr s), energy flux (ergs/cm2 sr s), and the average 
energy (eV) between 50 eV and 20 keV. The I erg/cm2 sr s and 
lOO eV Ievel are at log scale 6 and O, respectively. The satellite 
trajectory in the magnetic local time (MLT) , the geomagnetic 
latitude (MLAT), and the geographic latitude at 100 km altitude 
of the field line threading through the satellite (CLAT) is 
given above the panel. 
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Observations of Soft Electron Flux during SAR Arc Event 
Since the proposition of the soft electron flux hypothesis by 
Dalgarno [1964], there have been very few attempts directed to~ards invest-
igation of this mechanism. Chandra et al. [197l] examined the integrated 
flux of suprathermal electrons (E>5eV) in an attempt to correlate them with 
an SAR arc event during the night of September 28/29, 1967. The arc was 
observed from the observatories at Richland. Washington and liritz Peak at 
Boulder. Colorado, between L = 2.4 and 3.0 during the period 0506-ll25 UT. 
The appearance of the arc was also noted by lchikawa and Kim [19691 at 
Moscow. Idaho between the L shells 3.4 and 2.6 during the period 0300 UT to 
0900 UT. 
Chandra et al. [197l] used measurements from the ion trap experiment on 
the OGO 4 satellite that was orbiting at abo~~t 900 kin and from the planar trap 
experiment on the EXPOLORER 31 satellite orbiting at about 2000 km to invest-
igate this arc. From these two sets of photoelectron flux measurements, it is 
7
 
clear that the soft electron flux did not exceed 8 x 10 cm sec at the 
10cation of the arc, during the entire period of observation of the arc. Thus 
the attempts made by Chandra et al. [197l] to test the validity of the soft 
electron hypothesis in the excitation of the ~rc on the night of September 28/29. 
1967 were not successful 
Later, Nagy et al. [1972] correlated a low intensity are of August 8/9, 
1970 with some soft electron measurements obtalned from OGO 6 satellite The 
arc with an intens:Lty of about 50 R was located at L = 3.1 during the period 
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Richland, Washington (Lat. 46.4' N, Long. I19.6' W) at about 0930 UT 
[Hoch et al., 1973]. Subsequent observations of the arc were precluded by 
inclement weather. However, the initial photometric observation showed that 
the intensity of the arc was about 200 R. The almucanter scan ~nade by the 
photometer revealed that the observed arc was approximately aligned to a 
fixed L shell. 
W1len the position of the arc was mapped to an altitude of 400 km, it 
was found that the arc occurred between L shell intercepts 3.0 and 3.4 with 
a mean location at L = 3.2 at 0930 UT. The arc occurred during a period 
when Kp index was 4+. 
Soft Electron Flux 
The OGO 6 satellite was orbiting in the altitude range 400-500 km for 
L values between 2 and .7 in the northern hemisphere near the time of occur-
rence of the arc. The satellite was south bound in polar orbit midnight 
with respect to local time position for the above spatial extent. A planar 
retarding potential analyzer ~Hanson et al., 1970] on board the OGO 6 
provided good measurements of integrated suprathermal eleetron flux of 
energy greater than 10eV from the series of orbits 8710-8718 on January 27, 
1971. The soft electron fluxes obtained from each orbit were plotted against 
L value. They are shown in Figure l0-2 for orbits 8710-8715 and in Figure 
lO3 for orbits 871S-8718. Universal times, Iocal times and locations of the 
satellite at both ends of each profile in the figures are given in Table 10l. 
The soft electron flux data observed during the orbits 8710-8712, which 
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